Dyslexia is a prevalent reading disability whose underlying mechanisms are still disputed. We 2 studied the neural mechanisms underlying dyslexia using a simple frequency-discrimination 3 task. Though participants were asked to compare the 2-tones in each trial, implicit memory of 4 previous trials affected their responses. We hypothesized that implicit memory decays faster 5 among dyslexics. We tested this by increasing the temporal intervals between consecutive 6 trials, and measuring the behavioral impact and ERP responses from the auditory cortex. 7 Dyslexics showed a faster decay of implicit memory effects on both measures, with similar 8 time constants. Finally, faster decay also characterized dyslexics' benefits in oral reading rate. 9 It decreased faster as a function of the time interval from the previous reading of the same non-10 word. We propose that dyslexics' shorter neural adaptation paradoxically accounts for their 11 longer reading times, since it induces noisier and less reliable predictions for both simple and 12 complex stimuli. 13 14 15 29 (Harris, 1948), that listeners use a repeated reference tone as an "anchor" and improve their 30 performance compared with a no-reference protocol. Dyslexics' benefit from this repetition was 31 smaller than good readers'. A similar deficit was found in dyslexics benefit from repetition of 32 speech sounds. This led to the hypothesis that dyslexics have a deficit in using sound stimuli as 33 perceptual anchors for the formation of sound predictions (Ahissar et al., 2006; Ahissar, 2007; 34 Oganian and Ahissar, 2012). 35 Raviv et al. (2012) extended the protocol-specific account of benefits from stimulus repetition 36 to a computational model which takes the experiment's statistics into account. This model 37
Introduction 16 Dyslexics are diagnosed on the basis of their persistent difficulties in acquiring peer-level 17 reading skills despite adequate education. Their general reasoning skills are within the normal 18 range (or above), but they consistently show difficulties in some language related skills such as 19 verbal working memory (e.g. Torgeson and Goldman, 1977) , and phonological manipulations 20 (which typically also load on short term memory; e.g. Landerl et al., 1997) . Dyslexics also often 21 have higher thresholds in simple perceptual discrimination tasks (McAnally and Stein, 1996; 22 Witton et al., 1998; Hämäläinen et al., 2013), particularly when administered with serial 23 presentations (Ben-Yehudah and Ahissar, 2004 ; discussed in Ramus and Ahissar, 2012) . In most 24 of these protocols participants can be more successful by taking into account the statistics of 25 previous stimuli (Ahissar et al., 2006 ; Oganian and Ahissar, 2012) . 26 The putative causes of dyslexics' difficulties on simple serial tasks have been studied in a series 27 of works using 2-tone frequency discrimination. Ahissar et al. (2006) measured the impact of 28 sound regularities on dyslexics' performance. They assessed a well-documented observation
The representation of the first tone is contracted towards the prior more than the second tone, 48 due to the noise added to its representation during the inter-stimulus time interval. The 49 contraction of the first tone towards the prior can increase the perceived difference between the 50 two tones in the trial, and hence improve discrimination (Bias+ trials; e.g., trial t in Fig. 1A) ; or, 51 decrease the perceived difference between the two tones and disrupt performance (Bias-; e.g., 52 trial 1 t -in Fig. 1A) . The difference in performance between Bias+ and Bias-trials reflects the recent and more global contexts tend to have the same direction, and are therefore very difficult 86 to dissociate, in the new sequence the recent and the global contexts were not correlated (the 87 constraints that this sequence satisfies are described in the Methods). 88 The overall accuracy of the two groups in this task did not differ (controls' mean % correct ± 89 SEM: 75.3 ± 1.6, dyslexics': 73 ± 1.9; z = 1.3, n.s. Mann-Whitney U test), as predicted given that 90 the use of experiment's statistics was not expected to be significantly beneficial in this stimulus 91 series (replicating Ahissar et al., 2006) . We calculated a GLM model with 3 predictors ( b s) for 92 each participant (n = 60; 30 control and 30 dyslexic participants) by estimating the magnitude of 93 the contribution of each of the following components to participants' responses: 1. Frequency 94 difference in the current trial; 2. Contraction bias of the first tone toward the global mean of 95 previous trials; 3. Contraction bias of the first tone towards the most recent trial. Dyslexics' 96 frequency difference predictor did not differ from controls' (Fig 1C; z = 1.6, n.s.). Namely, the 97 frequency difference within the trial had a similar impact on the response in the two groups 98 (similar levels of sensitivity). The impact of the context effect of the most recent trial (ITI ≈ 1.5 99 sec) was also similar in the two groups (z = 0.05, n.s.). However, dyslexics' bias towards the 100 global mean was significantly smaller than controls' (z = 2.7, p < 0.01). Indeed, the difference in 101 controls between the contributions of the Global (all previous trials except the most recent one) 102 and Recent contexts was larger than that found in dyslexics (z = 2.4, p < 0.05. Mann-Whitney U 103 tests). Importantly, among both groups, the contribution on Recent context was significantly 104 above zero (controls: z = 4.4, p < 0.0001; dyslexics: z = 4.7, p < 0.00001). Thus floor effect 105 cannot account for this interaction. For both 138 groups, performance was better at longer ITIs (mean d' ± SEM for the four ITIs was 0.48 ± 0.05, 139 0.57 ± 0.05, 0.71 ± 0.06 and 0.78 ± 0.06, respectively; χ 2 = 54.2, p < 10 -10 . Friedman test). The 140 slight improvement in d' with longer ITIs is probably related to having "time outs" for 141 responding. These "time-outs" were enforced due to the co-registration of ERP with behavioral 142 performance, and probably introduced a slightly larger stress with short ITIs. Across all ITIs, controls' (n = 23) performance was slightly more accurate than dyslexics' 144 performance (n = 25; mean d' ± SEM of controls: 0.71 ± 0.07, dyslexics: 0.56 ± 0.07; z = 2.0, p 145 < 0.05. Mann-Whitney U test). There was no significant interaction between group and ITI 146 (group X ITI; F 3,46 = 1.4, n.s. Repeated Measures ANOVA test). Controls' slightly better 147 performance is interesting, particularly since no group difference was found for the same 148 participants in Experiment 1. The group difference was small, and was within the range of the 149 estimated group variability. It may, however, reflect slightly better learning of the task's 150 characteristics by the control participants. 151 We calculated the behavioral context effect as the difference (in d') between performance on 152 trials for which contraction to the prior was beneficial (Bias+) and performance on trials for 153 which this contraction was disruptive (Bias-). Previous studies have found that the impact of trials and in Bias-trials) as a function of the ITI to an exponential decay model:
, where a denotes the estimated ' d D at t ® ¥ (asymptotic level); b 160 denotes the difference between the ' d D at 0 t = and at t ® ¥ (decay magnitude); and t 161 denotes the time it takes for ' d D (at 0 t = ) to decay to 1 e (~37%) of its initial value (temporal 162 slope parameter). A small t indicates fast decay; t is the ITI. 163 Evaluating the dynamics of the contraction bias as a function of ITI showed that its decay was 164 significantly faster among dyslexics, as illustrated in Fig. 2B bottom (controls' t = 6 ± 0.9 sec, 165 dyslexics' t = 2.9 ± 0.8 sec; mean ± SEM; z = 2.2, p < 0.05). The two other parameters did not differ between the two groups (a : controls = 0.7 ± 0.1 d', dyslexics: a = 0.5 ± 0.1 d'; z =1, n.s.; 167 b : controls = 2.3 ± 0.8 d', dyslexics = 4 ± 0.9 d'; z = 1.9, n.s. Mann-Whitney U tests), in line 168 with our hypothesis.
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Assessing the dynamics of the neural trace 170 We hypothesized that the neural mechanism that mediates the inference of the prior frequency 171 is neural adaptation, which is an automatic, stimulus-specific form of memory (Ulanovsky et al., . However, in our previous study where we 179 assessed sensitivity to frequency prior, only the magnitude of P2 showed such sensitivity. We 180 therefore hypothesized that P2 would be directly associated with the contraction bias. Still, given 181 the mixed results regarding the distinction between N1 and P2 sensitivities, we analyzed the 182 dynamics of both components. We hypothesized that for each group, behavioral context effects 183 and cortical adaptation (N1 and/or P2) would have the same time constants and that these time 184 constants would be shorter among dyslexics. 185 In both groups, the magnitude of the P2 responses was the smallest in the block with the 186 shortest ITI (1.5 sec), when P2 adaptation was substantial, and increased (recovered) with longer 187 ITIs, as adaptation gradually decayed (χ 2 = 65.7, p < 10 -13 . Friedman test). Among dyslexics, P2 188 reached its peak magnitude by 6 sec ITI ( Fig. 2A , red dot-dashed line), whereas controls' P2 was larger at 9 than at 6 sec ITIs ( Fig This similarity was also found in the dyslexic group. Figure 2C 222 We further analyzed the dynamics of N1. In this component as well, dyslexics showed a faster 224 recovery from adaptation than controls. As illustrated in Figure 3 A and C, dyslexics' N1 almost 225 fully recovered (regained full magnitude) at an ITI of 3 seconds, whereas controls' N1 at this ITI 226 was still substantially "adapted". Applying the same model, again we found that only the rate of 227 decay differed between the two groups ( Fig Comparing the dynamics of passive adaptation between controls and dyslexics 247 After showing that adaptation under active performance decays faster among dyslexics, we 248 further asked whether this group-difference was an automatic characteristic that could also be 249 detected in the absence of a behavioral task. To evaluate the dynamics of dyslexics' passive 250 adaptation, we administered a sequence of pure tones in four blocks, each with a different ISI, 251 while participants watched a silent movie (ISIs: 2, 3.5, 6.5 and 9.5; same TOAs as those used for 252 the active condition, but without the second tone). 253 To quantify the dynamics of adaptation of P2 and N1, we fitted the P2 and N1 areas, to the 254 exponential decay model described above. We found that controls' P2 recovery was significantly 255 slower than dyslexics'. Importantly, the only significant difference between the two groups was 256 in t (t : controls = 4.2 ± 0.8 sec, dyslexics = 2.1 ± 0.7 sec; mean ± SEM; z = 3.3, p < 0.005.
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Mann-Whitney U test; Fig. 4B ). The other two parameters did not differ between the two groups Figure 4A shows the average ERP responses in the different blocks, for controls (n = 23; blue, 268 left) and dyslexics (n = 25; red, right), respectively. It focuses on P2, since only P2 showed a 269 significant group difference (insets in Figure 4A ). In both groups, P2 responses were the smallest 270 in the block with the shortest ISI (2 sec), when P2 adaptation was still substantial, and increased 271 (recovered) with longer ISIs, as adaptation gradually decayed (χ 2 = 60.3, p < 10 -12 . Friedman 272 test). Among dyslexics, P2 reached its peak magnitude by 6.5 sec ISI ( Fig. 4A , red dot-dashed 273 line), whereas controls' P2 was larger at 9.5 than at 6.5 sec ISIs (Fig. 4A, Both groups showed large recent context (repetition) effects. Specifically, both groups showed 315 substantially faster reading RTs in the second than in the first encounter with the same non-word, 316 when the words were proximal in time (< 2 sec interval), even though they were never 317 consecutive. The smallest interval between two presentations of the same non-word was with one 318 intervening word. Since word presentation rate was based on reading rate, and dyslexics are 319 slower readers, we equated the inter-word time interval in the two groups by considering only 320 trials in which the second presentation occurred within < 2 sec ITI (offset of the first presentation 321 to the onset of the second presentation of the same non-word). In these trials dyslexics' benefit 322 from repetition was similar to controls' ( dyslexics: 6 ± 1 % or 52 ± 8 ms; mean benefit ± SEM; z = 3, p < 0.005. Mann-Whitney U test). 328 Indeed, among dyslexics the difference in benefit from repetitions with small (< 2 sec) compared 329 to larger (> 2 sec) intervals was greater than this difference among controls (z = 2.2, p < 0.05. 330 Mann-Whitney U test). We claim that these seemingly contradictory observations result from the same basic 373 impairment. The key feature is the proportion of on-line computations that need be allocated to 374 solve the task. The more predictable the stimuli are for controls, both locally within session and 375 globally in terms of long-term regularities (such as in language) the greater relative slowness The complex relationships between mechanisms and sites 409 We found that dyslexics' P2 component had a shorter adaptation duration under both active and 410 passive conditions. We also found that their N1 had a shorter adaptation duration under active The putative functional relationship between shorter adaptation and long-term effects 456 We only tracked the short-term effects of dyslexics' faster decay of memory trace. Therefore, 457 we can only speculate about the relationship between these observations and dyslexics' 458 difficulties in acquiring expert-level proficiency in reading. Participants were administered 4 sessions on 4 different days: 485 In session 1 participants were administered a series of cognitive assessments. 30 dyslexics and 486 30 controls were admitted to this session. 487 In session 2 participants performed a 2-tone frequency discrimination task with a specially 488 designed sequence of trials (Experiment 1; Fig. 1A-B ). The same 30 dyslexics and 30 controls 489 participated in this session. 490 In session 3, ERPs were recorded both passively and while performing the discrimination task. 491 First, participants watched a silent movie while a series of single tones was presented to them in 492 four blocks of four different Inter Stimulus Intervals (ISI) of 2, 3.5, 6.5 or 9.5 seconds 493 (Experiment 2b), in a random order. Second, participants actively engaged in the 2-tone 494 frequency discrimination task in four blocks with different Inter-Trial-Intervals (ITI -time 495 interval between the second tone in the trial and first tone in the following trial) of 1.4, 2.9, 5.9 496 and 8.9 seconds (Experiment 2a). The ISI between the two tones in the trial was 600 ms. Thus, in 497 both passive and active conditions, the Stimulus Onset Asynchronies (SOA), i.e. the time 498 intervals between the onset of the first tones in adjacent trials were 2, 3.5, 6.5 and 9.5 seconds. A 499 subgroup of 25 dyslexics and 23 controls participated in this session. 500 In session 4 participants performed a fast reading task of visually presented single non-words. 501 Voice response was recorded (Experiment 3; Fig 4A) . Both rate and accuracy were obtained. 29 502 dyslexics and 23 controls participated in this session. Participants performed 4 blocks of 150 trials of the 2-Tone Frequency Discrimination task. 535 Each trial contained a tone pair (50 ms, 70 dB each tone; 600 ms inter-tone intervals). They were 536 asked to indicate which of the 2 tones had a higher pitch. A short demo of 10 trials preceded the 537 actual experiment. Feedback was provided only in the demo trials. 80% success on the 10 demo 538 (easy) trials was a prerequisite for continuing the task. We did not administer feedback during 539 the assessment because we did not want to affect the magnitude of the listeners' contraction bias. 540 The task was administered with a set of constant stimuli that we designed specifically for this 541 experiment (available at: elsc.huji.ac.il/sites/default/files/glocal_tones.xls). Its design allowed us 542 to evaluate the contribution to the context effect of the most recent trial separately from that of 543 all previous trials. Assessing these effects separately required a specifically designed sequence, 544 since these effects are typically correlated. Specifically, the direction of the frequency distance 545 between the first tone of the current trial and that of the most recent trial, and the direction of the 546 distance from that tone to the average across trials, are typically correlated. In the design of this 547 series we ensured that they were not correlated. In other words, the sign of the global context 548 ( G ): for each block at 2, 3.5, 6.5 or 9.5 seconds. Block order was counterbalanced across subjects. 562 In the first, passive, part of the session (Experiment 2b), only the first tone in each pair was 563 presented. We compensated for it by increasing the Inter-Stimulus Intervals (between the tone's 564 offset on the previous trial and the onset of the current trial) in this condition by 0.6 sec. 565 Consequently, the onset-to-onset intervals between first tones of adjacent events were the same 566 in the two conditions. Subjects watched a silent movie and were asked to ignore the tones. For ERP averaging across trials, the EEG was parsed to 2,000 ms epochs starting 500 ms 604 before the onset of the first stimulus in each pair, and averaged separately for each electrode. The were from 0 to 15,000 for a and from -15,000 to 0 for b . For the d' difference, the limits were 638 from 0 to 100 for a and b . For both measures, t was limited to be from 0 to 100 seconds. The 639 groups did not differ on the exponential curve's Goodness-of-Fit for any of the analyzed 640 measurements (z < 1.8, n.s. Mann-Whitney U tests). The exponential decay model captured the 641 ERP adaptation decay well for both groups (R 2 > 0.4). The model was less able to account for the 642 behavioral bias decay, especially for controls (R 2 = 0.2), suggesting a more complex mechanism 643 than could be well described by a single exponential decay. 
